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Two novel regulatory components, hrpX and hrpY^ of the 
hrp system of Erwinia amylovora were identified. The 
hrpXY operon is expressed in rich media, but its transcrip- 
tion is increased threefold by low pH, nutrient, and tem- 
perature levels— conditions that mimic the plant apoplasL 
hrpXYis autoregulated and directs the expression othrpL; 
hrpL, in turn, activates transcription of other lod \n the 
hrp gene duster (Z.-M. Wei and S. V. Beer, J. BactcrioL 
177:6201-6210, 1995). The deduced amino -add sequences 
of hrpX and hrpY are similar to bacterial two^omponcnt 
regulators induding VsrAA^srD of Pseudomonas 
(Ralstonia) soUmacearum, DegSA)egU of BaciUus subtUis, 
and UhpB/UhpA and NarX/NarP, NarL of Escherichia 
colL The N-terminal signal-input domain of HrpX con- 
tains PAS domain repeats. hrpS^ located downstream of 
hrpXY^ encodes a protein with homology to WtsA (HrpS) 
of Erwinia (Pantoed) stewartii, HrpR and HrpS of Pseudo- 
monas syringae^ and otiier a»*-dependent, enhancer- 
binding proteins. Tk-anscription of hrpS also is induced 
under conditions that mimic the plant apoplast. However, 
hrpS is not autoregulated, and its expression is not affected 
by hrpXY. When hrpS or hrpL were provided on multicopy 
plasmids, both hrpX and hrpY mutants recovered tiie abU- 
ity to eUdt the hypersensitive reaction in tobacco. This 
confirms tiiat hrpS and hrpL are not epistatic to hrpXY. A 
modd of the regulatory cascades leading to the induction 

f the E. amylovora type HI system is proposed. 
Additional keywordr. fire blight, pathogenicity, virulence. 



Envinia amylovora is die causal agent of the fire blight dis- 
ease of many rosaceous plants including pear and apple (van 
der Zwct and Beer 1999). The bacterium infects blossoms, 
leaves, succulent shoots, and immature fruits. Symptoms of 
the infected plants include water soaking and discoloration. 
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followed by necrosis. Sometimes the disease kills whole trees 
or substantial portions, resulting in devastating economic loss. 
In nonhost plants such as tobacco and Arabidopsis, the bacte- 
rium elicits the defensive hypersensitive reaction (HR), which 
is characterized by rapid, localized, cell death (Goodman and 
Novacky 1994). For infection and HR induction, genes gener- 
ally called hrp (hypersensitive response and Bathogcnicity; sec 
Alfano and Collmer 1996 for a review) arc essential. 

The hrp gene cluster of E amylovora £a321 has been 
cloned in several cosmids and enables nonpathogenic bacteria 
such as Escherichia coli to elicit the HR in plants (Beer ct al. 
1991). According to phenotypic analyses of mutants, hrp 
genes of E amylovora are localized within a 25-kb region of 
DNA, consisting of at least eight transcriptional units (Wei 
and Beer 1993). Sequence analysis (Bogdanove et al. 1996; 
Kim et al. 1997) indicated that the majority of hrp genes en- 
code proteins that arc thought to be components of a special- 
ized protein secretion apparatus called the type m pathway 
(Hrp pathway for plant pathogens) (Galdn and Bliska 1996). 
Several proteins including harpins (HrpN and HrpW) and a 
pathogcnicity/avirulencc protein .(DspE) have been shown to 
be secreted via the pathway (Bogdmove et al. 1998a; Kim and 
Beer 1998; Wei and Beer 1993). 

Transcriptional expression of hrp genes is induced under 
conditions similar to the enviroimient of the plant apoplast 
low carbon and nitrogen, low pH (5.5), and low temperature 
(18*C) (Wei et al. 1992). Two independent loci, complemen- 
tation groups IV and V, in the hrp cluster were found to have 
regulatory function (Sncath et al. 1990; Wei and Beer 1993, 
1995). Mutotions in these loci abolish harpin production and 
the HR-cliciting and disease-causing abilities of £. amylovora 
(Wei and Beer 1993). Preliminary sequence analysis indicated 
that one of them (group IV) contains a gene called hrpS 
(Sncath et al. 1990) that encodes a protein similar to O^- 
dcpcndent transcriptional activators (Morett and Segovia 
1993). Complementation group V encodes hrpL (Wei and 
Beer 1995), which is homologous to genes encoding members 
of.the ECF subfamily of cubacterial sigma factors (Lonetto ct 
al. 1994). HrpL recognizes conserved promoter . sequences 
called "Arp boxes" (Xiao and Hutcheson 1994), and directs 
the transcription of other pathogenicity genes including hrp 
secretion operons {hrpA, hrpC, and hrpJ) (Wei and Beer 
1995). harpin genes {hrpN and hrpW) (Kim and Beer 1998; 
Wei and Beer 1995), and a disease-specific locus (dspEF 
[Bogdanove ct al. 1998b]; dspAB [Gaudriault et al. 1997]). 
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Here we report the characterization of two new regulatory 
genes, designated hrpX and hrpY^ and the further analysis of 
hrpS, hrpX and hrpY m present in an operon situated between 
hrpS and hrpL. Analysis f deduced protein sequences sug- 
gested that they constitute a two-component regulatory com- 
plex; HrpX functioning as a sensor and HrpY as ^ response- 
regulator partner of HrpX. hrpX^ hrpY, and hrpS arc compo- 
nents of a complex regulatory nctworic that leads to activation 
of hrpL and eventually other genes inlbc hrp cluster of £1 
amylavonL 

RESULTS 

Identification and sequence analysis of the hrpXY locos. 

Previous studies have identified several loci, including 
hrpC, hrpA, hrpS, hrpL, and hrpj, that are essential for the 
Hrp phenotype (Bogdanove et al. 1996; Kim et al, 1997; Wei 
and Beer 1993, 1995) (Rg. lA). Preliminary genetic analysis 
of pCPP430 in Escherichia coli suggested the prcscace of a« 
new locus, between hrpS and hrpL, that also is required for 
the Hrp phenotype and contains novel regulatory con^nents. 
We have designated this locus hrpXY, 

A 3.4-kb BgUlr and C/oI-digested fragment of pCPP430 
was cloned into pBluescript KS+, resulting in pCFP1178. The 
sequence of the insert of pCFP1178 revealed two tighdy linked 
open reading frames (ORFs) between hrpL and hrpS that are 
capable of encoding proteins of 495 and 213 amino acid resi- 
dues, respectively (Fig. IB). These ORFs were named hrpX and 
hrpY, respectively. Potential ribosome-binding sites, AGGAG 
and TGGAA, were found 5 and 7 bp upstream of the hrpX and 
hrpY start codons, respectively. Although the ribosome-bind- 
ing site ahead of hrpY weakly matches the consensus sequence, 
we assiune it is sufficient for translation of hrpY\ only a 4-bp 
space exists between the hrpX stop codon and hrpY start 
codon and translational coupling is plausible. To confirm that 



the hrpX and hrpY ORFs produce protons, pCFP1178 was 
placed in a gene expression system mrdiated by the T7 RNA 
polymerase. Two distinct protein bands were visible following 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE). The apparent molecular masses of HrpX and 
HipY were about 50 and 25 kDa, respectively (data not shown), 
close to the sizes expected from the deduced amino add se- 
quences. 

The start codon of hrpX is located 146 bp downstream of 
die krpL stop codon, and a promoter prediction program (see 
Materials and Methods) identified two putative promoter 
sequences, TAGACG-N17-TAAAGT (score from promoter pre- 
diction by neural network = 0.97) and TTGCAA-Nic-CCTAAr 
(score ~ 0.95), 111 and 33 bp upstream of die hrpX start 
codon, respectively. There is a 361 -bp noncoding region be- 
tween hrpY and /i^p5. Palindromic sequences that may serve 
cither as targets of regulatory components or as transcription 
terminators, GTAAACANTGTTTAC and CKjATAAAATCjG- 
riGlGG-NT-CCGCrrCCAll'riArCXX were identified in the 
hrpLrhrpX and hrpY-hrpS intergenic regions, respectively. Tbe 
tight linkage of hrpX and hrpY^ and the existence of long ncm- 
coding areas and inverted repeats upstream of hrpX and 
downstream of hrpY^ suggest that the two genes form an 



HrpX and HrpY constitate 

a two-component regulatory system. 

Comparison of the predicted amino acid sequences of hrpX 
and hrpY with sequences in the data bases revealed significant 
similarities with many two-component regulatory proteins. 
The bomologs include VsrA/VsrD of Pseudomonas (now 
Ralstonia) solanacearum, which regulate virulence gene ex- 
pression (Huang et al. 1995b); UhpB/UhpA of Escherichia 
coli, which participate in the regulation of sugar transport 
(Friediich and Kadner 1987); NarX^arPJ^arL of Escherichia 
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FTg. 1. A, Operon orgaoizaticm of the hrp/dsp gene cluster of Envinia amylovora cloned in pCPP430. B, Central region covering regulatory genes hrpL, 
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co/i. which are involved in the rcguhition o^. an^^^^^"^" 
ratory gene expression (Rabin and Stewart 1993); and 
DceS/DcgU of Bacillus subtilis, which are involved in «tta- 
cellular Lyme production (Kunst et al. 1988) (Hg. 2; Table 
1) In adation, HrpY showed high sequence similanty witia 
uiany ther transcriptional activators including ExpA of £ 
carvtavora (33% identity), which is involved in global control 



of virulence (Eriksson ct aL 1998); UvrY f Escherichia coU 
(33% identity) (Shanna et al. 1986); SirA of Salmonelia ty- 
phimurium (32% identity) (Johnston ct aL 1996); and GacA of 
several animal- and plant-associated Pseudomonas spp. (29 to 
30% identities) (LaviUe ct al. 1992). 

The hi^ sequence similarity of HrpX with histidine kinases 
suggests that HrpX is a sensor. HrpX has tiie conserved His 



HrpX 
(sensor) 



Input domain 



transmitter module 



HrpY 

(response receiver 
regulator) module 



HTM 



output 
domain 



B 



HrpX-Eam 
NifL-Avi 
HrpX-Eaa 



HrpX-Eao 
NifL-Avi 
HrpX-Boffl 



HrpX-Ean 
NifL-Avi 
HrpX-Eam 



HrpX-Ean 
vsrA-Rso 



HrpX-Ean 
VarA-Rao 



HrpX-Ean 
VsrA-RBO 



HrpX-Ean 
VsrA-Rao 



HrpX-Bam 
VsrA-Rsp 



V E 



MOPSERQVSASSBPLK lFlIb F A L_H T V KID A V 

LeIq V L 



K Sli. 



T L vTdIs q t r pfFTlvfMlH e s c[r1mil g yir HrBl 

S I T D L K AfNlllL Y A H RrXlF R T iS^JIg S B| 

V R fId^t s i.[w^c q Iy a nI fIaJa lOhqjc V S A[ 



I D P A W S K E D 
lis N G TfrlP R L 



I Y 
V Y 




Sz TKP 



0 urpit L Hra 

5 EmA V Ala 




. LfrAlR Q R E V S R 
1 d Il aI a H L Q R V T 



E £ 
EDE 



ARE' 
ARE 



D E L g Io HfTTlS L RfHlG I S MfTRl I Q[p1s K 
DEL gI a iILtIaT r15|d L H wlL^I S RIiIt * 



RfvlV H LfMlG L tPdIK T| I Q V 

kLdt r vIm|a h vId|q gIi q I 



VfRlK VAT R|L R PIHfvl 

kIrJr lie d Il r pI tIiIl 



IHdFm^T PfAlL E wfLlRrrElP I SfRlH I G C C C R 

lIh IlglI a eIaIi t qIlJtILdIv g tIr|k - q w q t b 



L I 



rrSTGlKfOFlB CQSSKDHAF reTrMlsfBlR EfRlC R HfToolH V Ell E SIK ^ S if^ 



IT RfllS L T ifPll V 

|v tIiIi V B lIp|p T 



S[3v 5drgdaghcpaagompvackghalv 



143 
152 
272 



326 
3U 



379 
366 



433 
420 



4B4 
474 



494 

502 



HLHd 



HrpY-Bam 
VsrD-Rso 
GacA-Pfl 



HrpY-Ban 
VsrD-RBO 
GacA-Ffl 



HrpY-Eam 
VsrD-RflO 
GacA-Pfl 



HrpY-Ban 
VsrD-Rso 
GacA-Pfl 
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residue for autophosphorylation and a hydrophobic domain that 
may enable die protein to be transiently associated with ti» cy- . 
toplasmic membianc (Fig. 2B). Tbc C-tenninal putative trans- 
mitter domain (residues 273 to 494) of HrpX shows most sim- 
larity to the kinase domains of the sensor proteins listed m Table 
1* the N-tcrminal putative input domain of HrpX shows similar- 
ity to PAS domains (Zhulin et aL 1997) of Methanobacterium 
thermoautotrophicum, Azotobacter vineUmdii, and other orgai- 
isms Several PAS-containing proteins arc sensors of bacterial 
two-i»mponent systems. The PAS domain typically consists of 
two direct sequence repeats (PAS-A and PAS-B). and each re- 
peat contains two highly conswed regions called Sj and Sj 
b^cs (Zhulin et aL 1997). In the case of HrpX. the second re- 
peat (PAS-B) seems imperfect (Fig. 2B). Based on ScanProsite 
^ysis (Appcl et al. 1994), another feature of HrpX widi un- 
knovni functional relevance b a putative tyrosine kinase phos- 
phorylation site (PROSrr&PSCXXWT). 

HrpY appears to be a response regulator with a putanve re-, 
ccivcr domain at the N terminus (up to 102 amino acid resi- 
dues) and a DNA-binding domain at the C terminus (Fig..2A). 
As showm in Figure 2C. HrpY contains the conserved Asp 
residue, which may be phosphorylated by the sensor, and the 

JMe 1. HrpX and HipY of Erwinia amyUfvora compared with two- 
component reguUtory proteins (sensors/response rcguUtois) of other 

bacteria „^ 

Bacterium Protdn Amino adds % Identity' 

Erwiniaamyb»>om HnOCftlrpY 494^13 - 

^u,niasolanacearum VsrA/V=D 50M10 34/41 

^H^ricHlacott ^^/^ 

Rasmus subtUis DegS/DegU 385/229 3208 

L^S^' Nar^arP,NarL 598/215.216 31/33,32 

• % Identities from a BLAST? search of HipX and HipY with default 
Darametcrs. except for no filtering for low complexicity regions. Only 
me transmitter domain of HrpX (residues 273 to 494) was used for 
comparisons with other sensor proteins. 
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Fig. 3. Genetic characterization of the krpXY locus. A, LocanoM of 
transposon insertions and phenotypcs of hrpX and hrpY mutants of Er- 
winia amylavora Ea321. Rectangles above map of restriction enzym« 
and iransposons represent transcriptional units. Arrows: direcnons of 
transcription. Closed flags: insertions by TaS-gusAL Open fUgs: mscr- 
dons by TnphcA. Uollipop: a Tn/O-miniKm insertion. Mutants shown 
by minus signs below insertion points did not eUdt the hypcrsensitvc 
reaction (HR) or cause disease (Hrp-); a mutant shown by ± infrequently 
elicited spotty HR and showed low virulence. B, Complementation 
assay of hrpX and hrpY mutants of £. amylovora Ea321 with various 
plasmids. Closed circle: plasmid complemented Hrp phcnotype of the 
mutant containing the transposon insertion in the same column. Open 
circle- plasmid did not change the phenoiype of corresponding mutant 



helix-tum-hclix DNA binding motif. HrpY also has a se- 
quence that matches the Myc-type helix-loop-hdix dimcriza- 
tion domain signature (PROS1TE:PS00038), the functional 
significance of which remains to be tested. 

Genetic characterizati n f hq)X and hrpY, 

The hrpXY locus in pCPP430 was mutagcnized with trans- 
posons Tn5-gusAl and TophoA. Derivatives of pCPP430 
containing the transposon insertions were marker-exchanged 
into the genome of £1 amylovora £a321. All hrpY mutants of 
Ea321 failed to elicit the HR in tobacco and to infect imma- 
ture pear fruits (Fig. 3A). Two classes of hrpX insertion mu- 
tants wcie obtained. Ea321-G15 and Ea321-G7, whidi were 
Tnar<i> with Tn5-gusAl, were similar to hrpY mutants in phe- 
notypcs. Ea321-P7, an hrpXiiTuphoA mutant, caused sligjit 
tissue collapse in tobacco at hi^er inoculimi dose and had 
low virulence in immature pears* rather tiian the strict Hrp" 
phcnotype (Fig. 3A). Specifically, tobacco leaves infiltrated 
with Ea321-P7 at ^ 5 x 10* CFU per ml developed a spotty 
HR 36 h after infiltration. Also, in immature pears inoculated 
with the mutant, bacterial ooze appeared 3 days later than in 
those inoculated with the wild type, and the population of the 
mutant recovered was only one-tenth of that of the wild type 
(data not shown). 

Virulence of the mutants was restored to near wild-type lev- 
els by providing the mutants with pCPP1178 in trans (Fig. 
3B). The hrpX::Tn5'gusAl mutants of Ea321 were not conor 
plcmented by pCPP1178-P4 that contains a transposon inser- 
tion in hrpY (Fig. 3B). This suggests that hrpX and hrpY are in 
the same transcriptional unit and the TnS'gusAJ mutations in 
hrpX are polar. We found, however, that the hrpXi'JTuphoA 
mutant Ea321-F7 can be complemented by pCPPH78-P4. 
indicating that the TnphoA insertion of hrpX did not affect the 
function of hrpY (Fig, 3B). Tnp/ioA-induced mutations diat 
permit the exprcssioii of downstream genes have been ob- 
served frcquendy in k amy/oyora (Z. Wei and S. V, Beer, 
unpublished data) md Pseudomonas syringa^ (Huang et aL 
1995a). Thus, we believe that the P7 insertion is nonpolar and 
that the peculiar phcnotype of the Ea321-P7 may reflea the 
function of hrpX, 

All the transposon mutations in the hrpXY locus were com- 
plemented by derivatives of pCPP430 widi transposon inser- 
tions in hrpS or hrpL (data not shown), confirming the sug- 
gestion fiom sequence analysis that hrpX and hrpY constitute 
an independent complementation group. Based on results of 
sequence analysis and genetic characterization, we conclude 
(i) hrpXY is required for the Hrp phcnotype, and (ii) hrpX and 
hrpY constitute a two-gene operon, hrpXY. 

Expression oZhrpXY is enviromnentaUy regulated. 

A new construct, pCPP1203, was used to monitor expres- 
sion of die hrpXY promoter in a nutrient-rich medium and a 
minimal medium that induces the expression of hrp genes 
(Wei et al. 1992). pCPP1203 was derived from pCPP1178- 
G15 (hrpX::Tn5'gusAl) in which the directions of hrpX and 
gusA arc die same. pCPPll78-G15 was digested with BomHI 
and Sacl (an Sacl site is present in the vector), which cuts out 
the /ifpXy promoter region, a 5' portion of die hrpX coding 
region fused to TnS-gusAl, and the whole transposon. The 
resulting fragment was tiien Ugated to pCPP43. which had 
been digested with the same enzymes. pCPP43 (gift of David 
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W Bauer) is a derivative of pOU61. which is a low-copy- 
numbcr plasxnid (approximatciy one copy per bactcnum at 
30**O (Larsen el aL 1984). 

In £ amylovora and Escherichia coli, &e hrpXT promoter di- 
rected high levels of basal expression in Luria broth 03). but 
expression of hrpX:^n5-gusAl was enhanced direcfold m the 
iSucing minimal medium (IM) (Table 2). Enhanced levels 
ofhrpX"Tn5'gusAl expression were also observed from assays • 
of the strains in tobacco leaves and immature pears (data not 
shown). No ^glucuronidase (GUS) activity was detected far 
Escherichia coli S02OOAwttM(pCPP12O3) unless functional 
hrpXY was provided (Table 2). Similarly, high basal-level ex- 
p^sion of hrpX::Tn5-8UsAI of Ea321(pCPP1203) in Table 2 is 
probably due to functional hrpXY present in the chronaosonac. 
The latter two observations indicate that hrpXY is also au- 
toregulated. 

and h/prcontrol the expression of /wpL. ^ . 
To smdy the effect of hrpX and hrpY on the control of A^X 
cxpressioi a hrpL::Tn5-gusA2 fusion (pCPP139-G44) (Wei 
and Beer 1995) was marker exchanged mto an hrpX mutant 
(Ea321-F7) and an hrpY mutant (Ea321-P4). to generate hrpX- 
hrpL and hrpY-^L double mutants Ea321-P7G44 and 
Ea321-P4G44. respectively. Mutation in hrpY con^)letely 
aboHshed hrpL expression (Fig. 4). However, the h/pX mutant 
reduced hrpL expression only to about 20% of its wild-type 
level, opening the possibility that the mutated HrpX may be 
stiU partially functional or anotiier sensor protem may cross 
talk with HipY. 

Analysis of the hrpS locus and the ORFs 

between AfpS and lupA. . . _ , 

hrpS also partially controls hrpL expression in E. amylo- 
vora and is located downstream of hrpXY (Wd and B« 
1995) We report here the entire nucleotide sequence of the 
region between hrpY and hrpA. which includes hrpS. to com- 
plcte the preUminary results on hrpS presented previously 
(Sneathetal. 1990). . , 

The hrpS locus of E amylovora Ea321 contains a smgle^genc 
opeion, based on the large intergenic regions ^l^^f^^f^ 
region of hrpS, and a potential tcnninator. CGGCGAC AGC-Nr 
GCTGTCGCCG. tiiat Ues 49 bp downstream of tte hrpS stop 
codon. The /i/p5 ORF is preceded by a potential o promote. 
GTGGCA.NirTATTAC (score from promoter prediction by 
neural network = 0.96). and it encodes a 324 amino acid protem. 
HrpS has homology to members of die o**-dcpendent. enhancer- 
binding protein family (Morett and Segovia 1993). HrpS shows 
highest sequence similarity with WtsA (HrpS) of Envuua 
(PanzoedTstewartii (Frederick el al. 1993) C79% id^ty ^vct 
322 amino acid residues witiiout gs^ from BLASTP). HrpR 
and HrpS of R syringae patiiovars (51 to 55% idcntittes) 
(Griimn^ al. 1995; Xiao ct al. 1994), and DctD of Rhizobium 
spp. (39% identities) (Tiang et aL 1989; Ronson ct aL 1987). 
&pS ofE amylovora has two putative AlP-binding sites at die 
N terminus and a helix-tum-hdix DNA-binding motif at die C 
terminus (Fig. 5A). HrpS shows hi^ sequence similmty to 
otiier regulators in die NttrC family diroughout die entire 
interaction domain. However, similar to odier HrpR/HrpS pn^ 
teins HrpS of £ amylovora contains a very short N-tcrminal A 
dom^n (Shinglcr 1996), and seems to lack die phosphorylation 
receiver domain (Fig. 5A). 



In die region between hrpS and hrpA, three potential genes, 
designated orfUO, orfUU and orfU2 ffig. IB), were identified 
by application of die GeneMarkhmm algmtfam (Lukashin and 
Borodovsky 1998). orfUOisA small ORF encoding a46 anuno 
arid basic protdn, without significaiit similarity to any protein 
in die data base. Preceded by GGA.GT 8 bp iqjstream, orfUl 
encodes a 203 amino acid basic protein diat is similar to a con- 
served hypodictical protein HP1401 of Helicobacter pylori 
(32% identity over 1^ amino acid residues with 12 gaps) ^g. 
5B). Interestingly, protein sequence of die next ORF, otflJ2^ 
shows even higher similarity to HP1401 (residues 189 to 229; 
41% identity widioul gaps). This suggests die possibility diat a 
frame shift in orfUl-orfUZ resulted in die two current ORFs, 
and that bodi may be defective. The lack of an obvious promoter 
in ftont of offUO, die lack of good ribosome-binding sites in 
fiont of orfUO and orfUl, die potential frame-shift mutation at 
die 3' region of orfUU and die lack of a phenotype of Tiip/iaA- 
induced orfUl mutants (data not shown) indicate that the region 
comprising orfUOorfU2 is unlikely to be functicmal in £a321. 

Expression of hrpS is not autoregulated, and inductloii 
of hrpS is independent of hrpX or hrpY, 

An hrpSiigusAl fusion designated G107 (Wei et aL 1992) 
was used to assay ti» expression of hrpS, A fragment of 

TMt 2. Expression of the hrpXY promoter in Luria teodi (LB) and in a 
A/7^•inducing minimal mftdium (IM) 



GUS acdvl^ 



Bacterial strain^ 



LB 



IM 



Erwinia amylovora Ea32UpCPP1203) 

£ coU S02OOA«idA(pCPP12O3) 

E. coli S02OOAiii(iA(pCPP12O3, pCPPl 178) 



242±12 
2±3 
145 ± 19 



788 ±32 
3±3 
878 ^33 



• £ coli S02OOAiudA is an Escherichia coU strain widi no ^glncuaor 
idasc (GUS) activity due to deletion of gusA. pCPP1203 is a tow-copy- 
numbcr plasmid containing hrpXiiTnS'gusAJ', pCPPlHS is a hig^ 
copy-number plasmid containingrfunctional hrpX and genes. 
Picouxuis per CFU; mean of direc replic«cs ± standard dcviatioo. 
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Ea321-G44 Ea321-P4G44 Ea321-P7G44 

Genotype 

Fla, 4- Effect of mutations in hrpX and hrpY on expression of hrpL 
Graotypcs of the strains arc Ea321-G44. hrpUiTaS-gusAJ (Wd and 
Beer 1995); Ea32l-P4G44. hrpYiiTnphoA and lirpUrnS-gusAI; and 
Ea321-P7G44, /i/7?X::TnpAoA and /i/77L::Tn5-^iaAi. Eiior bars: stan- 
dard deviation from three repUcaics. CcUs grown in inducing medium 
(IM) were assayed (see Materials, and Methods for details). 
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pCPP430-G107 digested witii BomHI contains the whole trans- 
poson, the hrpS gene fused to Tn5-gusAl, and the hrpS pro- 
moter region. This BamHl fragment was ligated witfi a low- 
copy-numbcr plasmid, pCPP8 (Bauer 1990), that was cut with 
the same enzyme. The resulting plasmid was designated 
pCPP1058. As witfi HrpXY, expression of hrpS in Escherichia 
coll or in E amylovora was induced under h/p-inducing 
conditions (Table 3). However, autoregulation was not re- 
quired for hrpS expression; the presence of functional hrpS 
did not affect the expression of a hrpSiigusAI fusion in 
pCPP1058 (Table 3). 



To determine whether the ticwly discovered two-conaponent 
system has any effect on the expression of HrpS, an 
hrpSi:Txx5-gusAl fusion (pCPP430-G107) was marker-ex- 
changed into hrpX and hrpY mutants. N«thcr hrpX nor hrpY 
affected hrpS expression significantly (Fig. 6)- 

hrpS and hrpl^ provided by multicopy plasmids, 
suppress defects in hrpX or hrpY. 

To further charactciize the regulatory relationships between 
hrpXY, hrpS, and hrpL, the HR-imp^red strains Ea321-P7, 
Ea321-P4, and Ea321-Gl(y7 were transfonned with pCPP1178 



DctD-Rle 



HzpS-Baa 
WtsA-Est 
DctD-Rle 



HzpS-EsB 
WtaA-Eat 
DctD-Rle 



HrpS-E*B 
WtaA-Est 
DcU>-Rle 



HrpS-Baa 
WtsA-Est 
DctD-Rle 



MDTLMPVALlD0DIDLRRATAQTLBl.AQPSVSAirDOAKAALADLPADrAOPVVTDIR 
MPEIDGLQLPATLQGMDVDLPVILIITGHGDIPMAVQAIQDOATDTIAKPFAADRLVQ 



|H H I 

- - -|MN I 

isVRRASEK R rTVS 

ATP 



RfNllJE H sIsfFplwrPlO'il RIE H I S L 
eIn H E H sj p iR pI hIp E]L G B HIS 
L ElHfRML R K A A Elfil* QLeJH L 



EIE Q P I D I H DlTfirq! 
kIeO P ID I H D S L A|S 
G QnPf^^lvjMlEjHtljR I 



vlegetgtgkdtlarki HJi,^ ^ 

VLEGBTGTCK D T L A R K I H lRlL S 
TTy-j nG E T gI T Ig K Ef TvlAlQ I LLjLflJwiS 




Ilvavncaaipetlaeselfgihhgattga 

'lIAVHCAAIPETLAESBLT G V H H G A T T G A 
-Hw rffilfcrnp R TpmB S B L y CIH B RIG A P T G 



|q A R A G y V E AraC 
lo A R A G Y I E E A K 
KTlRfflGfRli^HlA^S 



PVNHRVZV^ 
P V K H R V I V| 
P V W L R V VfA 



57 
114 



104 
104 

226 



161 
161 
283 



FRRDLYFRLH T ViCrrQ~L Q P L R 
PRRDLTPRL H TflT S I Q L Q P L R 
dIf Rn iD L Y Y R L Hr vtvl TLlJsTPlP_ii_Rj 



CLE 
pIdJ 



YBCLLSYSWPGNIREL K|A[V 
CET L L S YS W P G 8 I R B L k]tIa 
BjJS H yI. 



o-7-gp\D|v B R HlLrXlsrHT lW P G H V R I 




HTH 



^NrvTlYrD C L V R H G H S I D D A a|Q(B LGIPLRTLYHRIKLLN V N T G R V ijA Q - 
Ir R 1 eI^S^I H D C L vKSgHS I DEA Al SliL g[m1p LR T L Y H R I K L" L -N VmTpiR I l|v - - 
JYllfA E[I_l|RlDr^^ 



olo .Y S S R K 



324 
323 
448 



B 



OrfD-Baa 
HP1401 
PH0712 



Orfa-Ban 
HP1401 
PK0712 



OrfO-Bas 
KF1401 
PH0712 



OrfU-Ean 
KP1401 
Fa0712 



KPCLLRSRP CrrFll Y CfD^ eITT^ S fJd^ R OmR S G A[T)N|IlvrrT] 

H N A YlC.L T L nId] t)HUJ aFi e] KfKE, " " ' D I K HJLlHIlJ 

MIHB I TUJd G K I vHJY K[vfv e Ik pI v E Y V[t1 L IR P U - 



L G A VK/KRIG R| 
fRlL SfLI K rJl 
Mb v Il I Kf T R Hj 



RnrT^w Q^R EmRm^RBY i t pmo ^ i sig e s h yiyTTg-k^q y L L R V l a E p g q I a/6|v^ 

H U IK eIqEQ H F L H Q H R - Q S qIr^G MftlajRlE S H Y L F G K|R YL L K I -raa T T R KJI FIVJ 
S W I L S kEIS I I E EA kB- - - - - - -lLjA[GlErTTtlLXGfR FllT^^ / 



R M L R G RIL D V|TrvlRrQK|E P 

L 0 M p K Y l ITl hIvIh Iq kI t S L 



IddkhrxixypgidL. 



Jr S R Agj 



dIv F rIR RLBAMLB- - Q A LpnvfDjvBP P 
o lv L rI b KfllQ T C I H R Y E j|j I " 



OrfUl 



els Ppqcra-IL T L nip HfTvksppii^ 

I AlKl RlA lLftl F M iH e IUA k| V| P R 1 
T T W - R K S V lT L W lI s sIvIa UpJeD 



OrfD-Ban 
KP1401 
PH0713 




113 
102 
87 




iRfLlDrElM A H L L rjEL 
S L K B YfL B 

^hIlIhIb tIw r A iLxJoHpEIo G S S S S w a 

Ku^S M«ttMn^ U.S A.) with default paramctas was used to aUgn the sequences. Overiincs represent ATP-bmding sites (ATP) the 
SL^^-S^^N^t^^^ (inH). Sequence of OrfU is a composite of sequences of or^l and orfVl products. A putative tyrwmc kmase 
^hn^^uL^n^te^^^^^ PS00007) is indicated by shading. Black circle in the CMU sequence denotes location of a probable reading-ftamc shift 
^c^s^o nH^^W^^^^ of /^Aizotium Usuminosariun^, SW1SS.PROT:P10046; HP1401 of H.licobacUr 

pylori, GENBANK:AE000640; and PH0712 oiFyrococcus horikoshiU DDBJ:AP000003. 



1256 / Molecular Plant-Mfcrot)e Irrteractions 



(contains hrpXY), pCPPlOOl (contains hrpS) OVci jmd Bm 
1995) or pOPPlOTS (contains hrpL) (Wd and Beer 1995). The 
resulting transformants were infiltrated into panels f tobacco 
leaves to determine which, if any, of tiie regulatory genes, 
when present in multiple copies, arc sufficient to restore Ae 
HR-cUciting ability to the mutants. Panels infiltrated witii 
hrpX and hrpY mutants containing hrpL developed the HR 
fTkble 4), often faster than panels infiltrated with the wild-* 
type strain. The panels began to show collapse 8 to 12 h after 
infiltration; by 24 h, the whole infiltrated area had collapsed m 
a typical HR. This result is consistent with dependence of 
/i/pL expression on hrpX and hrpY. Interestingly, similar sup- 
pression was observed from hrpX and hrpY mutants contam- 
ing hrpS, whereas hrpX and /trpy did not restore die HR phe- 
n type of the mutant (Table 4). 



l^blc 3. ExpTcssioa of the hrpS proxnoter in Loiia broth (LB) and in 
/up-inducing niini"*^^ xnediuxn (IM) 





GUS activity* 


Bacterial strain^ 


LB 


IM 


£ coli S02OOAi«aA(pCPPlO58) 
£ coil S02OOAwiW(pCPPlO58, pCPPlOOl) 
frwrniaoffiyiavoni Ea321-G107 ' 
Erwiiua amylovom Ea321-G107(pCPP1001) 


94 ±12 
105 ±17 
36±11 
42±21 


367±9 
378 ±23 
188 ±35 
229 ±29 



*E. coli S02OOAiiidA is an Escherichia coli strain with no ^ 
glucuronidase (GUS) activity due to deletion of gusA. Erwinia tunyio- 
vora Ea321-G107 is a mutant of Ea321 containing a TuS-gusAJ inser- 
tion in hrpS (Wei et aL 1992). pCPP1058 is a low-copy-numbcr plas- 
mid containing hrpXvJTnS'gusAl: pCPPlOOl is a higb-copy-oumber 
plasmid containing the functional hrpS gene and its promoter (Wei and 
Beer 1995). . . 

*» Picounits per CFU; roeanof three replicates ± standard deviatiao. 



DISCUSSION 

* 

The HrpX/Hrp Y two-component protein system. 

Our results demonstrate that E. amylovora employs the 
HrpX/HrpY two-component regulatory proteins to direct ex- 
picssion of an alternate sigma factor gene, hrpL, that in dm 
activates a type m protein secretion system- This provides for 
a quick change in the pattern of gene expression needed to 
initiate mfection. HrpX is a putative IcT-typc sensor (Paridnson 
and Kofoid 1992) composed of the N-terminal PAS dOTaain 
and the C-terminal histidine Idnase domain (Fig. 2A). HrpX 
appears to be cytoplasmic, and may be anchored to the inner 
membrane by its internal hydrophobic region. Other tncmbos 

f the PAS-containing IcT-type sensor kinases include NifU 
NtrB, and KinA (Zhulin et al. 1997). HrpY appears to be a 
ROm subfamUy response regulator (Parkinson and Kofoid 
1992). Consistent with the HrpX transmitter domain, HrpY 
shows significant sequence similarity to VsrD, DegU, VhpA, 

andNarL. « , . . i. 

Two-component systems with PAS domains in the sensor 
component include NifUNifA, DciS/DctR, and BvgS/BvgA 
(Zhuhn et al. 1997). Among these only ISTifL does not contam 
the pcriplasmic domain, and HrpX is more similar to NifL 
than the other two. NifL and most other PAS-contaimng pro- 
teins aie sensors (Zhulin et al. 1997), and their signal inpitt 
domains are located at the N terminus (Parkinson and Kofoid 
1992). Thus, HrpX may direcUy perceive environmental sig- 
nals with its N-tcrminal PAS domain. One function of the PAS 
domain is to act as a protein dimerization motif (Kay 1997). 
This raises the possibiHty of HrpX dunerization, which is 
required for the functional state of two-component sensors 
(Parkinson and Kofoid 1992). 

Two-component regulatory system 
and type III protein secrctioiL 

Although the two^n^ncnt system b widely used to con- 
trol bacterial gene expression (Hoch and Silhavy 1995). re- 
ports of its function in regulation of the type IH system are 
iust emcrgmg. In 5. typhimurium, SirA is a response regulator 
essential for induction of hUA, prgHIJK, and sigDE (Hong and 
MiDer 1998; Johnston et al. 1996). and the PhoQ/PhoP two- 
component system represses the expression of the prg locm 
(Pcgucs et al. 1995). The CpxA/CpxR system controls the pH- 
depcndent expression of the Shigella sonnet virF gene, which 
in turn activates ipoBCD and virG (Nakayama and Watanabe 
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Ea321-G107 Ea321-P4G107 Ea321-P7G107 

Genotype 

Fig. 6. Effect of muations in hrpX and hrpY on expressioa of hrpS, 
Genotypes jof the strains arc Ea321-G107. hrpSiiTuS-gusAl (Wei ct aL 
1992); Ea321-P4G107. hrpYiiTnphoA and hrpSxiTnS-gusAJ; and Ea321- 
P7G107. hrpXiiTnphoA and hrpS.iTnS-gusAJ , Enor baiK standaid 
deviation for three replicates. Celb grown in inducing medium (IM) 
wen assayed (Mateiials and Methods contains details). 



T^ble 4, Hypcrecnsitive reacti on (HR) clidtation by hrp regulation mutantt 

HR phcnotypc* 



Ea321 


wild type; hrp* 


+++ 


Ea321.P7 


hrpX 


± 


Ea321-P7(pCFPn78) 


hrpXihrpXr^ 




Ea321.P7(pCPPl001) 


hrpXihrpS*) 


+++ 


Ea321-P7(pCPPia78) 


hrpXihrpL^ 


+++ 


Ea321-P4 


hrpY 




Ea321.P4(pCPFU78) 


hrpYihrpXY*) 




Ea321-P4(pCPP1001) 


hrpYihrpS*^ 


+++ 


Ea321-F4(i>CPPl078) 


hrpYihrpL*) 


+++ 


Ea321-G107 


hrpS 




Ea321-G107(pCPPl 178) 


hrpSihrpXY^ 




Ea32l-Gl(r7(pCPP1001) 


hrpSihrpS^ 


+++ 



■ +4.4^ lull ni\ maoiicsicu uj mjuj^*«h^ umw* — — -o — — 

tratcd area; ++. reduced HR, which is spotty and often coalescing; ±, 
infrequent collapse and small spotty necrcosis for HR-positive leaves; 
and no HR- Inoculum concentration was approximately 2 x lO* CFU 
per ml. Ratings (consensus of four plants) were made 36 h after in- 
oculation. . 

^ Full HR was observed at inoculum levels of ^ 5 x lO" CFU per nU. 



Vol, 13. No. 11. 2000 / 1257 



1995). Also, the BvgS/BvgA system was recently found to be 
involved in the regulation f the type m secretion in Bonie- 
tella bronchiseptica (Yuk et aL 1998). Among plant pathogens, 
HrpG of Xanthomonas campesrris pv. veskatoria, a horn log 
of response regulators, has been shown to regulate hrpXv and 
hrpA expression (Wengekiik ct al. 1996). 

The structure of the input domain of E. amylovora HipK 
appears to be exceptional, compared with sensor proteins in- 
volved in other type m systems, which contain two trans- 
membrane regions and a pcriplasmic domain. The closest 
homologs of E. amylovora HrpY are SirA and BvgA, boA of 
which arc ROnrtype regulators (Parkinson and Kofoid 1992), 
whereas X campestris HrpG belongs to tfie ROn type, which 
includes Escherichia coli CpxR and OmpR, S. typhimurium 
PhoP. and Agrobacterium tumefacUns VirG. Thus, at least two 
types of transmitter-receiver systems appear to have evolved 
for control of type m systems in response to environmental 
stimuH in hosts. AUo, the two two-component systems identi; 
fied in the plant pathogens E amylovora and X. campestris 
fall into different conununication groups. 

HrpS and mechanism of gene regulaticm. 

HrpS is a member of the o^-dependent, enhancer-binding 
protein family. Both hrpS and rpoN are required for ttanscrip- 



tion f hrp genes in F. syringae pathovars (Grimm et aL 1995; 
JQao et aL 1994). WtsA (HrpS) of stewartii controls ex- 
pression of wtsB, which also requires the presence of 
(Frederick et al. 1993). In E amylovora, HrpS partially regu- 
lates hrpL expression (Wei and Beer 1995), and a sequence, 
TCKjCAC-Nj-TTGQ Aat perfecdy matches the -24/-12 
promoter consensus sequence is found at the promoter region 
of E amylovora hrpL. The hrpS gene of E amylovora, but not 
hrpS of P. syringae pv. phaseolicola, can complement the 
hrpS mutation in E stewartii (Frederick ct aL 1993). The 
HrpS sequences of the two erwinias are hi^y similar, and 
even the upstream noncoding regions appear to be conserved, 
except for the insertion of a 484-bp sequence, reminiscent of 
an IS (insertion sequence) element, 23-bp upstream of the £. 
stewartii hrpS ORF. 

As a member of the NtK: family* HrpS is unusual in diat it 
lacks a long N-terminal receiver domain. Control of protein 
activation by phosphorylation, by protein-protein interaction, 
and by signal molecule have been suggested for c'^-dependent 
proteins (Shingler 1996). In the direa activation model, 
derepression by effectors seems to be a mechanism of protein 
activation. For DctD, DmpR, and XylR, deletion of the re- 
ceiver domain results in constitutive activation of die proteins, 
suggesting that the receiver domain has a repressor function 



Plant apoplast 

Low pH 
Low nutrients 
Low temperature 




Erwinia 
amylovora 



dspE hrpW hrpN hrpC hrpA 



hrpJ 
/ 



Proteins secreted Components of the Hrp (type III) 
via the Hrp apparatus protein secretion system 

Fi. 7 Model of the hrp gene regulatory cascade. Thick anow Unes: genes or operons. Ovals aiid circles: proteins. Arrowheads in thinner Unes: diiec- 
doos of inforl,^^ cytopU^c membrane: OM, outer membrane; P. phosphate; E. RNA polymerase: closed half cucle. a™ promoter, open 

triangle, promoter, and filled triangle, HipL promoter. 
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(Shinglcr 1996). Thcrcf re. the apparent absence of the re- 
ceivcT domain in HrpS impUes that HrpS may n t require 
phosphoryUtion for activation and is always active once tiie 
protein is made. 

Indued n of hrpXY mdhrpS and Iheiny Ivement 
f HrpXY and HrpS In hrpL regulation. 
Expression of hrpS and hrpXY is induced by conditions Aat 
mimic the apoplastic environment (Wei ct al. 1992; this 
work). hivXY shows high basal-level expression, and au- 
toreeulation is involved in gene induction. However. hrpS is 
not autoregulatcd based on results of the GUS assay, suggwt- 
ing that there may be upstream regulatory components. Al- 
though hrpS provided in multiple-copy plasmids reverses the 
Hip- phcnotype of hrpX and hrpY mutants, the independence 
f hrpS from hrpX and hrpY suggests that hrpXY is not cpis- 
tatic to hrpS and environmental signals may go to hrpS 
through a different pathway. • 
Earlier work on hrpL and hrpS (Wei and Beer 1995) estab- 
Ushed that HrpS partially controls hrpL expression. Our cur- 
rent work indicates that the HrpX^rpY system contributes to 
hrpL induction. Based on the role of hrpXY and hrpS m regu- 
lating hrpL and the lack of effect of hrpX znd hrpYm hrpS 
expression, one might place hrpS upstream of hrpXY. This 
notion is precluded, however, because hrpXY docs not over- 
ride hrpS mutation. As mentioned above, the opposite is not 
Ukely, either. Therefore, it seems that signals independenUy 
perceived by ArpXy and converge at /i/pL. 

Neither HrpS nor HrpY alone induce high levels of hrpL ex- 
pression, suggesting that cooperation of HrpY and P^?^" 
bly through protcin-piotein intCTaction, may be needed for full 
activation of hrpL. In this model, HrpS may be a positive acu- 
vator of hrpL, while HrpX/HrpY may act as a modulate of 
hrpL transcription. Complementation of hrpX and hrpY mutmts 
for the HR phenotype by ovcrexpressed hrpS supports this 
model. The regulation of eps genes of R. soianacearum seems 
similar, both VsrD and PhcA regulators bind to die xpsR pro- 
moter re^on and control xpsR expression (Huang et al. 1995b). 
In R syringae pv. syrinsae, HrpR and HrpS have been pnn^ 
to work together to control hrpL expression pGao et al. 1994), 
although a different opinion exists for homologous proteins in R 
syringae pv. phaseolicola (Grimm et al. 1995). 

hrp gene regulation and Hrp phenotypes. 

hrpY and hrpS seem to be cnicial to the pathogenic life-style 
of EL amylovora. since their inactivadon by mutagenesis re- 
sults in loss of pathogenicity in immature pears (Wei ct al. 
1992- this work). The hrpX mutant, however, shows an at- 
tenuated phcnotype: sUghUy lowered hrpL expression and 
reduced HR and virulence at higher inoculum doses. Cur- 
Tcndy, we cannot rule out die possibility of partial HrpX func- 
tion in diat mutant, even diough leaky phenotypes of sensor 
mutants have been documented for odicr two-component sys- 
tems (Stock et al. 1989). It is interesting to note that, although 
hrpX and hrpS mutants show different phenotypes (die former 
reduced Hrp and die latter Hrp"). bodi are similarly affected m 
hrpL expression, i.c., only three- to fourfold reduction. This 
suggests that either there is a direshold level of hrp gene ex- 
pression required for causing disease, or hrpS is involved m 
expression of odicr genes that contribute to pathogenicity. Fur- 
ther study might distinguish between diese two possibihties. 



The incomplete con^lementation of krpX and hrpY mutants 
by hrpXY provided in a multicopy plasmid at lower inoculum 
levels (^ 2 X 10* CFU per ml) is, intriguing and deserves fur- 
dicr investigation. One explanation for the results could be that 
defective HrpX and HrpY in the mutants interact with func- 
tional HrpX and HrpY. and, possibly by forming hetcrodimcrs, 
interfere widi die full activity. Alternatively, overproduced HrpX 
and HipY may somehow down-rcgulate hrpS expression. 

Model of the £. amylovora hrp gene expression. 

Based on previous stodies ^ogdanove ct al. 1996, 1998b; 
Kim and Beer 1998; Kim et al. 1997; Wei and Beer 1995; Wd 
et al. 1992) and results described in this work, we propose a 
scheme of hrp gene regulation in £. amylovora (Fig. 7). When 
the bacteria enter the plant apoplast, HrpX perceives environ- 
mental signab and is phosphorylated. Activated HrpX then 
phosphorylates HrpY to activate it, and increases the expres- 
sion of /upXy to produce more HrpX and HrpY. Independcndy. 
expression of hrpS is induced in response to the changed envi- 
ronment Activated HrpY and HrpS, bound to the hrpL pro- 
moter, then interact with the RNA polymerase-a** complex to 
drive transcription of hrpL, HrpS also activates other genes 
containing die -24/-12 promoter consensus sequence. Finally, 
the HrpL o factor, which recognizes a conserved promoter 
motif. GGAACC-Ni5-CCACTAAr, directs transcription of the 
remaining hrp and dsp genes that produce the secretion ma- 
chinery and virulence proteins that.interact with plant cells. 

MATERIALS AND METHODS 

Bacterial strains and growth condition. 

E. amylovora Ea321 is a wild-type strain diat infects pear 
and apple (Beer et al. 1991). Escherichia coli DH5a was rou- 
tinely used for cloning of cosmids and plasmids. p CP FlOOl 
(Wei and Beer 1995). pCPP1036 (Kim et al. 1997). pCPP1078 
(Wei and Beer 1995). and. pCPP1178 are subclones of 
pCPP430 (Beer et al. 1991), and tqntain ORFs in the same 
direction as die T74>10 promoter from the vector pBluescript 
KS+. Strains of E, amylovora Ea321 and Escherichia c li 
were grovra m LB (Sambrook et al. 1989) widi vigorous shak- 
ing at 28 and 37'C, respectively. Inducing medium (IM) was 
used for inducing hrp gene expression as described previ usly 
(Wei et al. 1992). The antibiotics used to m ai n tai n selection 
* were ampicillin at 100 ^g/ml. kanamycin (Km) at 50 jig/ml 
spectinomycin (Sp) at 50 tetracycline (Tc) at 20 jig/ml, 

and carbcnicillin (Cb) at 300 \igfwl. 

Recombinant DNA techniques and sequence analysis. 

Unless odierwise specified, basic molecular biolog y tech - 
niques were as described (Sambrook et al. 1989). Electropo- 
ration of plasmid DNA into £, amylovora 321 and its dcrivar 
tives was done as described by Bauer and Beer (1991) widi 
the Gene Pulser apparatus (Bio-Rad, Richmond, CA, U,S^). 

Deletion clones, generated from die CldL-BgOL insert in 
pCPP1178 with the Erase- A-Base kit (Promega, Madison, WI, 
U.S.A.), were sequenced* by the dideoxy chain terininatiOT 
procedure with die Sequenasc sequencing kit (U.S. Biochoni- 
cal Cleveland, OH, U.S.A.). Also, sequencing of the region 
between hrpA and hrpJ in pCPP430. pCPPlOOl. pCPP1036, 
and pCPP1178 was performed on an ABI 373 A automated 
DNA sequencer (Perkin-Ehner, Norwalk, CT» U.S.A.) at die 
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CorncU University Biotechnology Program DNA Sequencing 
Facility with oUgonuclcotide primers synthesized at the same 

facility. , . 

DNA and deduced amino add sequences were analyzed 
with programs in the GCG software package, version 13 
(Genetics Computer Group. Madison, WI, VSJi.) and 
DNASTAR (DNASTAR. Madison. WI, U.SA.). Potcnttd 
genes were identified with GcneMark.hmm (Lukashin and 
Borodovsky 1998; available on-line from the GencMaik web 
site). Homology searches were done with BLAST dgonthms 
(Altschul et al. 1997; available on-line from the NCBI web 
site) Conserved patterns in protems were found witfi S«n- 
Prositc (Appel et al. 1994; available on-line). Fmally. prcdic- 
tion of potential a'^ promoters were made with the Prom^ 
Prediction by Neural Network method (Reese and Ecckman 
1995; available on-line). 

Expression othrpX and hrpY in Escherichia colL . 

A gene expression system mediated by a T7 RNA poly- 
merasc/promotcr (Tabor and Richardson 1985) was usol 
pCPPinS. which contains hrpX and hrpY ONs driven by tiie 
T7<I>10 promoter from the vector, was introduced mto ^ 
chenchia coli DH5a(pGPl-2). Cells were incubated at 42 C 
to induce the expression of the T7 Pf/^™^^^^^ 
newly synthesized proteins were radiolabeled with S-Met as 
described (Tabor and Richardson 1985). Resulting sanq>les were 
resuspended in a sample buffer and heated to 95X for 3 mm 
before being electrophoresed in a 12% polyacrylamidc gel. 

Construction of marker^change mutants. 

Chromosomal mutants were constructed by marker- 
exchange mutagenesis as described previously (Wei el al. 
1992) A TniO-miniKm insertion or a TnphoA insertton, 
mappwl at the hrpXY or hrpL locus in Eschenchia coli 
DH55cCPP430) or Escherichia coli DH5a(pCPP1178), was 
introduced into E amylovora Ea321 by triparental mating 
witii the helper strain. Escherichia coli HB101(pRK600) 
(kindly provided by E. R. Signer, Department of Bioloa^ 
Massachusetts Institute of Technology, Cambridge). The 
transconjugants were selected on Luria plates containing Km 
and Sp, and then transferred to a low-phosphate minimal me- 
dium (Bauer 1990) to select for Km' Sp* maricer-exchanged 
mutants. The second mutations were generated by mtroducing 
individual hrp'.iTuS'gusAl fusions into TniO-miniKm or 
TimhoA mutants of Ea321. Since the transposon TnS-gusAl 
has two selection marker. Km and Tc, the second mutation 
was selected based on Km' Tc' Sp" phenotype. All the mutants 
were tested for the HR-eUciting abiUty and pathogematy. 
TtiphoA insertions P74 and P86 in pCPP1036, which were 
mapped to orfUl, were introduced to the Ea321 genome by 
electroporation and subsequent incubation in a low-phosphate 
medium with Km. Integration of the TuphoA fusion Jnto^ 
chromosome was confirmed by antibiotic resistance (Knf Of) 
and Soutiiem hybridization witii the transposon DNA as a 
probe. 

Assay of GUS activity- ^ u t « a 

Overnight cultures in LB were transferred to fresh LB, and 
incubated further. For incubation in IM, log-phase cultures in 
LB were centrifuged. and cells were washed witii IM, before 
they are resuspended in IM to OD420 « 0.5. The cultures in IM 



were incubated for an additional 5 to 6 h at 24**C before assay 
of GUS activity. GUS activity was xxumitored fluonmetrically 
as described by Jefferson et al. (1987). Forty-five microliters 
of the log-phase culture in LB or the induced culture from IM 
was mixed with an equal volume of 2x assay buffer. After 
incubation at 3TC for 10 h, GUS activity was measured as 
described previously (Wei et al. 1992). The background fluo- 
rescence of Ea321-G77 {hrcViiTuS-gusAI) (Wd et aL 1992), 
which has a gusAJ insertion in the opposite direction of hrcV 
transcription, was subtracted from the readings of hrp::gusA2 
fusion strains. The corrected fluorescence readings were con- 
verted to picounits of GUS activity per CPU. The GUS activ- 
ity of hrp::Tn5'gusAl fusions also were determined in tobacco 
leaf tissues as described previously (Wei et al. 1992). 

Plant assays. 

Bacteria were grown in LB and harvested at mid-ex- 
ponential phase. CcUs were resuspended in 5 mM potassium 
phosphate buffer, pH 6.5, harvested again, resuspended in the 
potassium phosphate buffer to approximately 2 x 10* CFU per 
ml, unless otherwise specified, and used for HR and patho- 
genicity assays. Tobacco plants (Nicotiana tabacum L. 
'Xanthi') were grown in greenhouse soil mix to a height of 0.9 
to 1 HL Bacterial suspensions were infiltrated into each leaf 
panel of tobacco leaves with needleless hypodermic syringes. 
The development of the HR was scored after incubation at 
room temperamre for 18 to 36 h. Patiiogenicity tests on im- 
mature pear fruits were carried out as previously described 
(Bauer and Beer 1991; Steinbergw and Beer 1988). 
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NOTE ADDED IN PROOF 

A recent BLAST survey of finished and unfinished micro- 
bial genomes (available on-line from the NCTI web site) sug- 
gests the presence in Pseudomonas aeruginosa PAOl of a 
two-component system that is highly similar to the 
HipX/HrpY system (31% identity over 474 amino acids for 
HrpX and 48% identity over 208 amino acids for HrpY)-A— 
related set of proteins exist in die Pseudomonas puxida 
KT2440 genome. 
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